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ABSTRACT
The hydrogeological, conceptual, and mathematical models have been defstedy saltwater
intrusion phenomena in the coastal aquifer system of the alluviad pfaCapoterra (southern
Sardinia, Italy). Pumping tests and artificial recharge ewxprts are carried out in the plain so as
to verify the efficiency of a hydrodynamic barrier aimed at @adimig saltwater encroachment and
its spatial evolution.

INTRODUCTION

The alluvial plain of Capoterra is located in the south-westernopooti the Campidano plain, to

the west of Cagliari. The hydrogeological model of the studyiareighly complex due not only to

natural factors, such as local geology, the nearby sea, the presesatevorks and a lagoon, but
also to human activities, such as increasing industrial expansiomgacultare. The coastal aquifer

system of the plain is subject to saltwater intrusion, exa@ztlimt long periods of drought, and by
uncontrolled well pumping for drinking water, industry and agriculture.

The Engineering Geology and Applied Geophysics Section of the TedritBngineering
Department of the University of Cagliari is carrying out corhpresive field activity in the
investigation area by means of hydrogeological and hydrogeochemiesuraments taken at
selected observation wells from among the many wells presem jpldin, and pumping tests and
artificial recharge experiments at wells and purpose builometers. The main objectives of this
activity are to determine the hydrogeological and physical-chémpaameters of the aquifers, to
validate the saltwater intrusion mathematical model, and to \wmotfy the artificial recharge effects
on groundwater quality and the efficiency of the hydrodynamic bamiezontrolling saltwater
encroachment.

DESCRIPTION OF THE STUDY AREA



The alluvial plain of Capoterra, situated in the south-western portitimeoCampidano graben, is
bounded on the western edge by granite hills, on the northern edge byehe iGer, and on the
south-eastern edge by the S.Gilla lagoon, the saltworks, and the méachtan Sea. The geological
formations are, from top to bottom, aquifer detritus, fluvial and laoessediments, recent and
ancient terraced alluvia of the Quaternary, and fractured gramtksnetamorphic schists of the
Paleozoic. The recent alluvial deposits are very permeable andncamtiareatic aquifer, overlaying
another multilayer aquifer, semi or locally confined.

The hydrogeological and hydrogeochemical study, based upon data from tloé aadhtmonitoring

network present in the plain, has demonstrated that (Bagt@t 1993):

i. both phreatic and confined aquifers are laterally recharged frorwekethrough the major
fractures of the granite bedrock, and do not receive any water i @ixerri river basin. In
the aquifers there are depressions of piezometric surface®w inelan sea level where over-
exploitation occurs, due to high density of agricultural and industrial activitigsré-1);

ii. the reference freshwater of the aquifers is chemicallylairand related to the groundwater of
the granitic bedrock on the west of the plain;

iii. in the confined aquifer salinity is due to seawater encroachm#émg srea where groundwater
is highly developed to meet agricultural and industrial demands (Figure 2b);

iv. in the phreatic aquifer salinity is also due to brackish wateoanbment from the saltworks,
and direct infiltration of the salts from spray blown by the wirmmfrsaltworks; the salts
deposited on the soil are transported into the aquifer by infiltreginéall and irrigation water
tapped in excessive quantity from the confined aquifer (Figure 2a);

v. the salinity of the phreatic aquifer is higher than the confined one.

An artificial recharge experiment has been carried out on tifi@csyshreatic aquifer by means of a
drainage trench, and on the underlying confined aquifer by wells; tbedst is located in front of
the wastewater treatment plant of the Consortium for Cadinlustrial Development Area
(CASIC) (Galloet al., 1996).
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Figure 1. Water level contour lines [m] of phreatic (a) and confined (b) aquifers.



Figure 2. TDS contour lines [g/l] of phreatic (a) and confined (b) aquifers.

DESCRIPTION OF THE MODELLING PROCEDURE

The hydrogeological, conceptual, and mathematical models have been defisgdulate the
seawater intrusion phenomena and artificial recharge effects in the agsiiéen ©f Capoterra.

According to the hydrogeological and conceptual models (Sciabiah, 1993; Sciabicat al.,
1996), the mathematical model can be formulated as a coupled system pértial differential
equations, one describing mass conservation for the water-salt s¢lbhedtow equation), and the
other one mass conservation for the salt contaminant (the transpdibe)yutow and transport
equations are coupled by means of the constitutive equation relatingy dentgie freshwater-
saltwater mixture to the salt concentration.

The numerical solution code of these non linear equations involves spstiatization with the
finite element method following Galerkin's approach, and time discretizatiog fisite differences
(Paniconi and Putti, 1995); the results are expressed in terms whlequifreshwater heads and
normalized concentrations at selected time intervals and atremtsh of the three-dimensional
mesh. Validation of the simulation results is performed by compattege values with
hydrogeological and hydrogeochemical data obtained from the monitoring network.

The calibration-validation approach of the code has permitted to dischetrizontally the domain

into a two-dimensional mesh with triangular elements and with 165 nasléke first simulation

phase (Sciabicet al., 1993), 1033 nodes, as the second one (Sciabata 1996), and 2496 nodes,
currently. Some wells of the monitoring network have been selecteadas of the 2D mesh; from
these nodes and the vertical layers subdivision of the domain thicknésse-aimensional mesh
with tetrahedral elements is automatically generated by the code.

According to the geology of the plain three homogeneous zones have bewd,dédie first
composed of recent alluvia, the second of ancient terraced alluviahanthitd of fractured
granites. Based on the hydrogeological parameters of the aqiefersnined by pumping tests in
some wells of the control and monitoring network present in the plainadii@conductivity was



found to range from k= 2.T10*, for the phreatic aquifer, to k=6.19", for the confined one. By
contrast, to set the longitudinal and transversal dispersivity vatues been necessary to make an
acceptable compromise between stability requirements of the oddsod properties reported in
the literature; it was obtained by assumiong=100-1000 m andot=10+100 m. Moreover, the
Dirichlet boundary conditions for flow and transport have been defined on e dfameasured
piezometric and salinity contour lines.

Pumping simulation. Starting from uniform conditions and imposing boundary ones, simulations
have been carried out until steady state conditions were reachdd;amehconcentrations obtained
at each node of the 3D mesh have been used as initial conditions for simulating the pungigig effe
Pumping information on dug shallow and drilled wells has been introdudentieset conditions

at the first and fifth layer nodes of the 3D mesh respectiveltha the assumption of no pumping
wells in the conceptual model has been removed. Then another steadsirstdation has been
carried out instead of transient one, due to the fact that as lisehaee been exploited for a long
time a dynamic equilibrium situation could actually be measured.

Artificial recharge ssmulation. According to the different methods applied to carry out the aalific
recharge experiment in the phreatic aquifer and in the confined omalifferent conditions have
been imposed in the simulation, and two new assumptions have been defihedconteptual
model: for the phreatic aquifer, recharged through a drainage trdwecteviels mesured in the
piezometers have been introduced as Dirichlet condition at nodes oésfecinsest thereto, while
for the confined aquifer, recharged through drilled wells, the flux i@t the time test has been
introduced as Neumann condition at nodes of the mesh closest thereto.

Results and discussion. In the pumping simulation the water level contour lines constructed by
means of the field data from the control and monitoring network (Figuhave been reproduced
fairly well by the simulation except at the domain boundary. Figurehows the calculated
equipotential lines of the aquifers: note the lateral rechanye the western boundary of the
domain, the preferential flow direction towards the lagoon, the s&iéward the sea, and the zero
contour line coinciding with the drawdown cones of some wells near the lagoon and the saltworks

According to the boundary conditions relative to the artificial reygh@xperiments carried out in
the aquifer system, the recharge simulation has shown a sighiilcdt of the equipotential lines
toward the experiment area only for the confined aquifer; Figun®wssthe match of the two sets
of calculated curves near the recharge area.

With regard to the transport simulation in both pumping and recharge ioosdithe calculated
equiconcentration lines did not agree well with the measured gatmitour lines due to lack of
adequate information, such as detailed knowledge of geological formatidnsf hydrogeological
parameters, and of dispersivity coefficients measurements in dpaifiers (as previously mentioned
longitudinal and trasversal dispersivity have been obtained from the rmoalitmiation based on
literature values).
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Figure 3. Equipotential lines [m] of the pumping simulation: phreadi@d confined (b)
aquifers.
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Figure 4. Zoom of the area near the artificial recharge fidédching of equipotential lines
in pumping (continuous line) and artificial recharge (dashed line)latrans:
phreatic (a) and confined (b) aquifers.

FIELD ACTIVITIES

Pumping tests. Recently a series of pumping well tests has been performée irecharge field,
aimed at determining the correct transmissivity and storatixatyes for both the phreatic and
confined aquifer. Results are in good agreement with charactevislies of the geological
structures in which wells are drilled. Drawdown curves have beeyzadaby means of both Jacob
and Theis methods, whose results are practically identical.

Tests on the confined aquifer have been carried out for unsteadffastafasting three hours) for
several constant pumping rates; the corresponding drawdown has beereth@afath the well
and the two piezometers nearby (about 25 m apart); for the pumpinof #a& ni/s recovery has
been measured until the undisturbed piezometric level was reacheltls fer that rate show that



the laminar flow limit has probably been passed (Table 1). Testhé phreatic aquifer have also
been carried out for unsteady flow for a single pumping rate; drawdodrrecovery have been
measured in both the well and the piezometer nearby (about 61 m apart) (Table 2).

Comparison of the results of earlier and the latest pumping dasisd out in wells located in
different geological areas, a strong heterogeneity for trassntys (two orders of magnitude)

associated with different geological structures can be noted.

Table 1. Transmissivity and storativity for the confined aquifer.

pumping rate Transmissivityx10*[ m%/s] Storativity x10”[ /]
[I/s] Jacob Theis Jacob Theis
well P9 2.1 8.73 9.39 - -
3.1 9.39 8.75 - -
4.8 28.33 30.34 - -
0.0 12.37 11.53 - -
well PR1 2.1 8.63 7.46 2.40 2.91
3.1 8.68 8.75 2.40 2.98
4.8 23.42 21.48 6.64 241
0.0 9.87 10.76 1.92 2.36
well PR2 3.1 9.00 7.80 3.40 4.70
4.8 24.40 21.47 7.90 10.36
0.0 10.10 13.55 2.22 1.30
Table 2. Transmissivity and storativity for the phreatic aquifer.
pumping rate Transmissivity x10?[ m%/s] Storativity x10*[ /]
[I/s] Jacob Theis Jacob Theis
well S11 4.7 1.70 0.93 - -
0.0 1.90 1.32 - -
wellS10[ 4.7 2.20 2.35 12.00 12.00
0.0 1.99 2.10 11.50 13.43

Future developments. Owing to the strong heterogeneity in the transmissivity fieldroad field
investigation in the whole plain is in progress aimed at determthm@rder of magnitude of this
parameter associated with the main geological areas. Oncéabibeen done, a suitable data
inversion technique will be applied to the overall domain, for the purposesfising the
transmissivity field to match equipotential and equiconcentration lines measuhedfield.

CONCLUSIONS

While the hydrogeological model has been satisfactorily defineaotimeeptual model and solution
of the mathematical model need to be better calibrated, espesdtr as the transport equation is
concerned, using the field data currently being collected. Introductioevopumping test data into
the model will require the geometry of the domain to be bettenetefiA hydrogeochemical
investigation is now under way in an attempt to gain further ingigbtthe saltwater intrusion
phenomena occurring in the alluvial plain of Capoterra. The simulatiéorped has demonstrated
that the modelling procedures, from the hydrogeological model to the icaimsolution of the



mathematical model, can be considered a good operating tool for groundwateirces
management, provided that the procedures are founded on accurate infoooasisting of the
hydrogeological and hydrogeochemical data relative to the study dedeguately distributed in
space and in time.
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